Introduction {#sec1-1}
============

Dynamic contrast-enhanced breast MR imaging has a high sensitivity in detection of breast tumors, but has a relatively low specificity because of multiple overlapping features between benign and malignant lesions.\[[@ref1]\] While morphological features of the lesion such as shape, margins, and internal architecture along with kinetic enhancement analysis help in distinguishing benign and malignant lesions, diffusion-weighted imaging (DWI) provides valuable qualitative and quantitative data regarding structural tissue changes at a cellular level, and thus further helps in distinguishing between benign and malignant lesions, especially those which are ambiguous on standard MR imaging protocols.\[[@ref2][@ref3][@ref4]\] This is particularly useful in cases where there is discordance between the morphological findings and enhancement kinetics of the lesions, wherein low apparent diffusion coefficient (ADC) points toward the malignant nature of the lesion. Also, in patients with dense fibroadenosis and ACR (American College of Radiology) Category 4 breasts, DWI helps in increasing the specificity in identification of suspicious lesion after better signal suppression from breast parenchyma at high b value.\[[@ref5]\]

DWI derives its image contrast from differences in the motion of water molecules between tissues, which depends on tissue cellularity and presence of intact cell membranes.\[[@ref6][@ref7]\] Tissues with high cellular density and intact cell membranes have restricted diffusion seen as high signal intensity on DWI.\[[@ref8]\] The "b" value refers to the strength of the diffusion sensitizing gradient. ADC maps are generated from diffusion images obtained at different b values and application of greater number of b values improves the accuracy of the calculated ADC.\[[@ref9][@ref10]\] There is a linear inverse correlation between ADC values and tumor cellularity. The ADC value of free water molecules at 37°C is 3.0 × 10^−3^ mm^2^/s and that of normal breast parenchyma is 1.48 × 10^−3^ mm^2^/s\[[@ref11][@ref12]\] \[[Figure 1](#F1){ref-type="fig"}\].

![Normal breast - ADC value of normal breast parenchyma is approx (A) 1.48 × 10^−3^ mm^2^/sec (B)](IJRI-25-397-g001){#F1}

The visual assessment by high b value imaging and T2-weighted imaging data and the quantitative assessment by ADC values together help in improving the specificity.\[[@ref13]\]

DWI has also been used for assessing the response to neoadjuvant chemotherapy in diagnosed cases of breast cancer. DWI with its ability to detect changes at the cellular level helps in the assessment of metabolic response to chemotherapy due to changes in the ADC value occurring much before the change in the tumor size occurs.\[[@ref14][@ref15]\]

Increased SNR (Signal-to-noise ratio) at 3 T allows reduction in the imaging time as well as use of higher b values, which help in better evaluation of *in situ* disease.\[[@ref1]\] With good spatial resolution at 3 T, tumors less than 10 mm size are better visualized.\[[@ref16]\] Parallel imaging also works better at 3 T. However, 3 T has its inherent disadvantages in the form of increased geometric image distortion and increased chemical shift and susceptibility artifacts.\[[@ref16][@ref17]\]

Materials and Methods {#sec1-2}
=====================

This is a retrospective study conducted in the Department of Radiology after obtaining approval from the institutional review board.

Patients {#sec2-1}
--------

Five hundred patients underwent MR mammogram in our hospital between August 2011 and May 2013 for various palpable and non-palpable abnormalities. Bilateral breast MRI was performed on GE 750 pro 3 T MRI system with a dedicated 8-channel bilateral breast coil using the same protocol. Of these 500 patients, 226 patients (between 28 and 71 years of age) were selected for our study, whose lesions were subsequently proven as benign or malignant on further histopathological examination. Also, 232 lesions were detected in these 226 patients, with 6 patients having more than one pathologically proven lesion. Patients with normal mammogram and with simple cysts were excluded from the study. Also, patients whose results could not be proven on histopathology were excluded from the study.

MRI sequences {#sec2-2}
-------------

Breast MRI was performed on 3 T GE Healthcare System 750 pro using a dedicated 8-channel dedicated breast coil with patients in prone position. Pre-contrast T2W IDEAL and T1W sequences were obtained in axial plane. DWI was obtained in axial planes at b values of 0, 1000, and 1500 s/mm^2^. The b value of 1500 was used to reduce the T2 shine-through effect. The parameters used were: TR/TE 5200/84, section thickness 3 mm, inter-slice gap 0, field of view (FOV) 40 × 40, and matrix size of 192 × 256. Subsequently, dynamic contrast-enhanced sequences were obtained after the bolus injection of 10 ml DOTAREM (Guerbet) at the rate of 2.5 ml/s, followed by saline flush. Dynamic parallel imaging was done in seven phases of 1 min each. Automatic subtracted images were obtained. ADC maps were then generated using the GE workstation from DWI obtained at b values of 0, 1000, and 1500 s/mm^2^ followed by sagittal sequence. Kinetic analysis of the enhancing component of the lesion was done with the available software.

Image interpretation {#sec2-3}
--------------------

ADC maps were obtained on GE workstation. Lesion identification was done on post-contrast subtracted sequences. ROI (Region of interest) was placed manually on the corresponding lesion on diffusion images and extended on the ADC maps. ROI did not include hemorrhagic and necrotic portions. There was no fixed size of ROI taken, and it varied with the size of the lesion and the size of the part of the lesion showing restricted diffusion. In non--mass-like enhancement, the largest area of enhancement was identified and then ROI was placed on the largest signal area on the corresponding lesion in DWI. The ADC values were calculated on b value of both 1000 and 1500 s/mm^2^. If the ADC value varied between b values of 1000 and 1500, the ADC value at b value of 1500 was taken into consideration. In the lesions showing varied ADC values, the lowest ADC value within the lesions was taken into consideration.

Statistical analysis {#sec2-4}
--------------------

The mean ADC values of benign and malignant lesions were calculated. ADC values of the benign and malignant breast lesions were compared with each other using Mann-Whitney test.

A feasible cut-off value of ADC for the differentiation of malignant and benign lesions was found by using receiver operating characteristic (ROC) analysis. Breast lesions that had an ADC value equal to or less than the given cut-off value were considered malignant and lesions that had an ADC value more than the given cut-off value were considered benign.

The ADC values of various lesions were compared with their histopathology.

Results {#sec1-3}
=======

Out of 232 lesions, 168 lesions were histologically malignant and 64 were histologically benign \[[Figure 2](#F2){ref-type="fig"}\]. The malignant lesions identified were: Infiltrating ductal carcinoma (IDC; *n* = 150), infiltrating lobular carcinoma (ILC; *n* = 2); medullary carcinoma (MeC; *n* = 2), mucinous carcinoma (MuC; *n* = 6), DCIS (*n* = 6), adenoid cystic carcinoma (AdC; *n* = 1), and malignant phylloides (*n* = 1) \[[Figure 3](#F3){ref-type="fig"}\]. The benign lesions were: Fibroadenoma (FA; *n* = 27), benign proliferative lesion (BBD; *n* = 19), mastitis (*n* = 5), fat necrosis (*n* = 1), intraductal papilloma (*n* = 9), and benign phylloides (*n* = 3) \[[Figure 4](#F4){ref-type="fig"}\]. Significant difference was observed between the ADC values of malignant and benign lesions with a *P* value of \<0.05. The mean ADC value of malignant lesions (IDC) was 0.89 × 10^−3^ mm^2^/s \[Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}\] and that of benign lesions was 1.35 × 10^−3^ mm^2^/s. Also, significant difference was found between the mean ADC value of pure MuC \[[Figure 7](#F7){ref-type="fig"}\] and those of benign lesions \[[Figure 8](#F8){ref-type="fig"}\] and other malignant lesions like invasive ductal carcinomas and MeC. No significant difference was found in the ADC values of other histological types of malignancies \[[Figure 9](#F9){ref-type="fig"}\].

![Chart depicting histopathological outcome of lesions. A total of 232 lesions were sampled out of which 168 were malignant and 64 turned out to be benign](IJRI-25-397-g002){#F2}

![Distribution of malignant lesions. The vast majority of the malignant lesions in the study were infiltrative ductal carcinoma (89%)](IJRI-25-397-g003){#F3}

![Amongst the benign lesions 42% lesions were fibro adenomas while 31% were benign proliferative lesions](IJRI-25-397-g004){#F4}

![Case of IDC. Restricted diffusion seen within the spiculated mass lesion (A and B) with ADC of 0.8 × 10^−^ ^3^ mm^2^/sec (C). DCE-MR shows Type 3 kinetics (D)](IJRI-25-397-g005){#F5}

![Malignant morphology (A) and benign kinetics (B) in case of IDC. Restricted diffusion on DWI (C) with low ADC of 0.85 × 10^−^ ^3^ mm^2^/sec (D)](IJRI-25-397-g006){#F6}

![Invasive mucinous carcinoma seen as hyperintense lesion on T2W images (A). The lesion is bright on DWI and gray scale ADC maps (B and C) and shows high ADC values as seen on the color map (D) Post contrast reveals enhancing lesion with plateau kinetics (E and F). ADC values within the lesion were approx. 1.9 ×10^−3^ mm^2^/sec](IJRI-25-397-g007){#F7}

![Case of fibroadenoma. Well defined hypointense lesion seen on T1W images (A) On post contrast scan, the lesion shows homogenous enhancement with non enhancing internal septations (B) ADC value of approx. 1.5 × 10^−^ ^3^ mm^2^/sec was observed (C)](IJRI-25-397-g008){#F8}

![Linear and nodular areas of enhancement in case of infiltrating lobular carcinoma (A and B) The lesions show Type 3 kinetics (C) Approx. ADC values in the areas showing restricted Diffusion is 0.8 ×10^−3^ mm^2^/sec (D and E)](IJRI-25-397-g009){#F9}

With an ADC cut-off value of 1.1 × 10^−3^ mm^2^/s, a sensitivity of 92.80% and specificity of 80.23% was obtained. Increasing the cut-off to 1.2 × 10^−3^ mm^2^/s increases the sensitivity to 95.5% with almost equal specificity of 80% but increases the NPV (Negative predictive value).

There was no statistically significant difference found between the ADC values at b value of 1000 and 1500.

Out of 12/232 false-negative lesions, 6 were MuC in which a very high ADC value of 1.8-1.9 × 10^−3^ mm^2^/s was observed, which was contributed by the increased extracellular space in these lesions and the rich mucin content as compared to that in densely packed tumor cells of IDC. Other false-negative lesions were non--mass-forming DCIS presenting as non--mass-like enhancement with a high ADC value of 1.2-1.5 × 10^−3^ mm^2^/s. These lesions thereby reduced specificity. The ADC value in adenoid cystic carcinoma was also seen to be higher than that of intraductal carcinoma (Not otherwise specified NOS) and was 1.1 × 10^−3^ mm^2^/s.

Of the 8/232 false-positive lesions, 5 cases were of granulomatous mastitis \[[Figure 10](#F10){ref-type="fig"}\], 1 case was of fat necrosis, and 2 cases were cellular fibroadenomas.

![Rounded peripherally enhancing lesion with surrounding breast edema and enhancement (A) in a known case of granulomatous lobular mastitis. The centre of the lesion had extremely low ADC value of 0.4-0.5 × 10^−^ ^3^ mm^2^/sec (B and C)](IJRI-25-397-g010){#F10}

Discussion {#sec1-4}
==========

In our study, we calculated the mean ADC value for the malignant and benign lesions and found that there was a statistically significant difference between the ADC values of benign and malignant breast lesions. The mean ADC value of benign lesions was calculated to be 1.35 × 10^−3^ mm^2^/s and that of malignant lesions 0.89 × 10^−3^ mm^2^/s. These values are well in correlation with the results of Woodhams *et al*.,\[[@ref18][@ref19]\] in whose study the mean ADC value of malignant lesions was 1.22 ± 0.31 × 10^−3^ mm^2^/s, of benign lesions was 1.67 ± 0.54 × 10^−3^ mm^2^/s, and of normal tissues was 2.09 ± 0.27 × 10^−3^ mm^2^/s. In the study by Sinha *et al*.,\[[@ref20]\] the mean ADC of malignant lesions was calculated to be 1.6 × 10^−3^ mm^2^/s and that of benign lesions was 2 × 10^−3^ mm^2^/s. This difference can be explained by lower b values (0-289.7 s/mm^2^) used by them, while we used b values of 1000 and 1500. ADC values are higher at lower b values (ADC = 1/b2 - b1 × In \[IS (b1)/IS (b2)\]), although as stated earlier, we did not find statistically significant difference in ADC value at 1000 and 1500.

In our study, when we took an ADC cut-off value of 1.1 × 10^−3^ mm^2^/s for malignant lesions, a sensitivity of 92.80% and specificity of 80.23% was obtained. Increasing the cut-off value to 1.2 × 10^−3^ mm^2^/s, a sensitivity of 95.54% and specificity of 80.23% was obtained. In comparison with other studies \[[Table 1](#T1){ref-type="table"}\], Rubesova *et al*.\[[@ref21]\] showed that the threshold between malignant and benign lesions for obtaining highest sensitivity and specificity (both 86%) was around 1.13 ± 0.10 × 10^−3^ mm^2^/s. For a lower threshold of 0.95 ± 0.10 × 10^−3^ mm^2^/s, specificity was 100% but the sensitivity was very low. In a recently published study by Quinghua Min *et al*.,\[[@ref22]\] with the threshold ADC value being 1.23 × 10^−3^ mm^2^/s at b value of 800, DWI-MRI achieved a sensitivity of 82.8%, specificity of 90.0%, and positive predictive value of 92.3% for differentiating benign and malignant lesions.

###### 

Comparison of sensitivity and specificity in different studies with specified ADC cut off value

![](IJRI-25-397-g011)

Guo and associates\[[@ref23]\] took threshold of ADC as 1.3 × 10^−3^ mm^2^/s or less to label a lesion as malignant and reported a sensitivity of 93% and specificity of 88%, while Hatakenaka *et al*.\[[@ref23]\] achieved a sensitivity of 83.9% and specificity of 81.3% when they took the cut-off value as 1.48 × 10^−3^ mm^2^/s. Lower specificity in our study was due to six cases of pure MuC, five cases of pure non--mass-forming DCIS, one case of AdC, and also five cases of granulomatous mastitis. The mean ADC values for malignant and benign lesions were, however, the same as reported in previous studies.

Ei Khoule *et al*.\[[@ref24]\] showed that adding normalized ADCs to the dynamic contrast-enhanced MR data improved the diagnostic performance of MR imaging. In their study, the area under the ROC curve improved from 0.89 to 0.98 and the false-positive rate decreased from 36% to 24%. In our study also, one of the lesions showed type 1 enhancement kinetics on DCE-MR; however, it had low ADC of 0.9 × 10^−3^ mm^2^/s and microlobulated margins, based on which the lesion was categorized as BIRADS 4c on MRI and was subsequently proven as IDC on histopathology \[[Figure 6](#F6){ref-type="fig"}\].

ADC values are affected by both diffusion as well as perfusion. The effect of perfusion decreases with increase in the b values. Also, the diffusion of water molecules is strongly influenced by cellularity of the lesion and membrane permeability between intra- and extracellular compartments. Therefore, as reported by Buadu and associates\[[@ref25]\] that malignant lesions have a higher microvessel count than benign lesions and may show higher ADC values, the lower ADC values obtained in malignant lesions show that high cellular density has opposite and increased effect on diffusion of water molecules than perfusion.\[[@ref25]\] Hatakenaka *et al*.\[[@ref26]\] also studied the correlation between ADC values and tumor cellularity and concluded that there was an inverse correlation between ADC and tumor cellularity.

MuC showed a very high ADC value of approximately 1.8 × 10^−3^ mm^2^/s due to the increased extracellular space facilitating free diffusion of water molecules. This was also shown in the study by Woodhams.\[[@ref27]\] ADC values in MuC were found to be even higher than those of FA, may be because of the relatively free motion of water molecules in mucin pool than in the interstitium of FA. The high extracellular water content in MuC also causes a very high signal intensity of these lesions on T2W images, and thus aids in diagnosis along with a high ADC. However, the mixed MuCs have low ADC values due to increased cellularity. No difference was seen in the ADC value of invasive ductal lobular and medullary carcinomas.

In cases of mastitis, very low ADC values of approximately 0.4--0.5 × 10^−3^ mm^2^/s were observed \[[Figure 10](#F10){ref-type="fig"}\]. In these cases, clinical history along with post-contrast images were helpful in deriving the diagnosis. The patient generally presents with some history of pain and low ADC was seen in the non-enhancing parts of the lesions, which indicated inspissated contents/pus, while in necrotic tumors, the central part shows high ADC.

Non--mass-forming DCIS are a challenge. Placement of ROI in these lesions is difficult and should be placed on the highest signal portion of the lesion. We had six cases of pure non--mass-forming DCIS and ADC values varied from 1.1 to 1.3 × 10^−3^ mm^2^/s in these cases, thereby reducing specificity. In these cases, morphological and enhancement characteristics should be evaluated. Clumped nodular enhancement in ductal, segmental, and regional distribution has a high specificity for malignancy. Imamura *et al*.\[[@ref28]\] showed that using ADC value of 1.1 × 10^−3^ mm^2^/s as threshold for malignancy yielded a sensitivity of 68.8%, specificity of 72.7%, PPV of 78.6%, NPV of 61.5%, and combining the ADC value with DCE-MRI enhancement pattern increased the sensitivity to 93.8% and NPV to 85.7%, but reduced the specificity to 54.4%.

DWI is associated with technical limitations such as low SNR and image distortion. Higher-strength magnets allow for high SNR, which help in detection of small cancer foci and characterization of small lesions, but are prone to more susceptibility artifacts. Use of a spin-echo--based sequence, high imaging bandwidth, and short TE helps in reducing the impact of susceptibility artifacts.\[[@ref1]\]

Conclusion {#sec1-5}
==========

Contrast-enhanced MRI plays an important role in characterization of breast lesions, and the addition of DWI and ADC estimation has an immense potential in improving its specificity because of the significant difference in the mean ADC value of benign and malignant lesions. However, it should be used in conjunction with other imaging sequences as it requires an enhancing counterpart to identify breast lesions; lesion morphology and enhancement characteristics also should be considered for lesion characterization. Also, the ADC values derived may vary from system to system, depending upon the number of b values, method of ROI placement, and many other specific parameters. Optimum standardization of the sequence parameters is, therefore, required to minimize the distortion artifacts and low SNR, which are inherent to this sequence.
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